Using NICMOS on HST, we have performed imaging polarimetry of proto-planetary nebulae. Our objective is to study the structure of optically thin circumstellar shells of post-asymptotic giant branch stars by separating dust-scattered, linearly polarized star light from unpolarized direct star light. This unique technique allows us to probe faint reflection nebulae around the bright central star, which can be buried under the pointspread-function of the central star in conventional imaging. Our observations and archival search have yielded polarimetric images for five sources: IRAS 07134+1005 (HD 56126), IRAS 06530−0213, IRAS 04296+3429, IRAS (Z)02229+6208, and IRAS 16594−4656. These images have revealed the circumstellar dust distribution in an unprecedented detail via polarized intensity maps, providing a basis to understand the 3-D structure of these dust shells. We have observationally confirmed the presence of the inner cavity caused by the cessation of AGB mass loss and the internal shell structures which is strongly tied to the progenitor star's mass loss history on the AGB. We have also found that equatorial enhancement in these circumstellar shells comes with various degrees of contrast, suggesting a range of optical depths in these optically thin shells. Our data support the interpretation that the dichotomy of PPN morphologies is due primarily to differences in optical depth and secondary to the inclination effect. The polarization maps reveal a range of inclination angles for these optically thin reflection nebulae, dispelling the notion that elliptical nebulae are pole-on bipolar nebulae.
INTRODUCTION
The proto-planetary nebula (PPN) phase is a relatively short (∼ 10 3 years) stage of stellar evolution for low to intermediate initial mass (∼ 0.8 − 8 M ⊙ ) stars between the asymptotic giant branch (AGB) and planetary nebula (PN) phases (e.g., Kwok 1993; Van Winckel 2003) . During the PPN phase the post-AGB central star increases its surface temperature from a few to a few tens of 10 3 K, while the circumstellar dust shellcreated by the AGB mass loss and physically detached from the central star at the end of the AGB phase -simply coasts away from the central star. Therefore, PPNs are important stellar objects in which to investigate the nature of dusty mass loss during the AGB phase, because the most pristine history of AGB mass loss is imprinted and preserved in their density distribution.
The AGB mass loss history can provide crucial clues for the shell structure formation. While the circumstellar shells of AGB stars initially assume spherically symmetric shape when they are formed, they seem to develop largely axisymmetric structure by the time the AGB mass loss is terminated (e.g., Balick & Frank 2002 for a review). Meanwhile, the AGB mass loss history can also yield information about the internal evolution of the central star. AGB mass loss may show temporal variations due to the alternative burning of hydrogen and helium in two distinct layers via the mechanism called ther-mal pulsation (Iben 1981) , while a sudden enhancement of mass loss near the end of the AGB phase -the so-called superwind (Renzini 1981; Iben & Renzini 1983 ) -may remove almost the entire surface layer from the star terminating the AGB evolution. Thus, the AGB mass loss history is strongly linked to both the internal and external evolution of the central star, and the effects of AGB mass loss can manifest themselves in the density distribution in the PPN dust shells.
The density distribution in PPNs can be observationally studied in two ways: either directly via thermal dust emission arising from the shells or indirectly via scattered light through the dusty shells. PPN imaging surveys were conducted using both methods, and the combined results suggested that PPNs were intrinsically axisymmetric due to equatoriallyenhanced mass loss near the end of the AGB phase, which probably coincides with the superwind phase (Meixner et al. 1999; Ueta, Meixner, & Bobrowsky 2000) . These surveys also found a morphological dichotomy among PPNs, showing one-to-one correspondence between the mid-IR and optical morphologies: an optical bipolar reflection nebula is always found with a mid-IR emission nebula of a single core surrounded by an elliptical low-emission halo (DUPLEXcore/elliptical PPNs), while an optical elliptical nebula is usually associated with a mid-IR emission nebula harboring two emission peaks as evidence for limb-brightened edge-on dust torus (SOLE-toroidal PPNs). Subsequent radiative transfer calculations showed that the optical depth of the shell would play a more important role in determining the morphology of the shell than the inclination effect (Meixner et al. 2002; .
In both morphological cases, the source of axisymmetric structure is an equatorial density enhancement present in the innermost regions of the shell. Hence, the AGB mass loss history represented by this part of the shell holds the critical piece of information to enhance our understanding of mass loss processes. Taking advantage of their optically thin nature, SOLE-toroidal PPNs have been studied by high-resolution imaging of thermal dust emission at mid-IR in order to reveal the density distribution in these shells (Dayal et al. 1998; Ueta et al. 2001; Kwok, Volk, & Hrivnak 2002; Gledhill & Yates 2003) . However, such studies have been difficult to perform at sufficient spatial resolution because of the diffraction-limited nature of the mid-IR imaging and the intrinsically compact nature of PPNs.
In this paper, we use near-IR imaging polarimetry to investigate the structure of five SOLE-toroidal PPN: IRAS 07134+1005 (HD 56126), IRAS 06530−0213, IRAS 04296+3429, IRAS (Z)02229+6208, and IRAS 16594−4656. Below, we describe the technique of near-IR imaging polarimetry and motivate our use of it in this study ( §2) and outline our observational procedure and data processing steps ( §3). In §4, we present the results, and discuss the individual sources in §5. We then discuss some of the implications of the results ( §6) and summarize the conclusions ( §7). used near-IR imaging polarimetry as an alternative technique to directly capture the structure of the PPN dust shells. The imaging polarimetry can separate dustscattered light (as the linearly polarized component) from direct star light (as the unpolarized component). Hence, one can easily detect faint, dust-scattered light from PPNs that is otherwise buried beneath the dominant point-spread-function (PSF) of the central star: the PPN structure can thus be revealed as in the mid-IR imaging, but at one order better resolution in the near-IR. For example, the shell structure of HD 235858 (IRAS 22272+5435), which was not fully resolved at mid-IR until observed with the 10 m Keck telescope (Ueta et al. 2001) , was resolved by near-IR imaging polarimetry with the 4 m UKIRT . Therefore, we performed imaging polarimetry with the Hubble Space Telescope (HST ) to investigate the structure of very compact PPNs by exploiting the unique ability of this novel observing method and the high resolution capabilities of the telescope.
IMAGING POLARIMETRY OF PPNS
Polarimetric characteristics of astronomical objects can be obtained by means of the Stokes parameters, (I, Q, U), which are computed from the measurements of the beam intensity passing through linear polarizing elements. The near-IR camera and multiple object spectrometer (NICMOS; Malhotra et al. 2002) on HST is equipped with three polarizers, and the Stokes parameters can be derived by a matrix conversion method that is elucidated by Sparks & Axon (1999) and Hines, Schmidt, & Schneider (2000) . Using the Stokes I (the total intensity) along with the Stokes Q and U, we can then express the intensity of linearly polarized light, I p , the polarization strength, P, and the polarization PA, θ.
However, one must exercise caution when computing P because I can be affected by the (unpolarized) PSF of the central source (e.g., Gledhill & Takami 2001) . The PSF of the central star can (1) accompany enormous spider structures that spatially affect the detectability of the circumstellar shell and (2) induce very large I with respect to potentially small I p , especially when the optical depth of the surrounding matter is low. In such cases, the PSF contribution, I psf , has to be removed from I to obtain the PSF-corrected polarization strength, P corr ;
In order for the PSF correction to be effective, PSF reference observations must be carefully designed. The PSF observations should achieve a similar S/N to the source observations, yielding spatially and quantitatively equivalent PSF structures. The removal of the PSF effect is difficult even with good PSF reference data, since there is no way to know a priori how much matter exists along the line of sight in front of the central source. The scaling of the PSF reference data with respect to the target data would always be a problem, and hence, P as a ratio of I p to I (irrespective of the PSF correction) should be considered to roughly define the lower limit. In the following, we refer to P corr as P. On the contrary, I p and θ can be extracted even from the PSF-affected data because these quantities depend only on Q and U which are free from the unpolarized component by definition. Therefore, we will make use of the I p maps in addition to the P maps to investigate the shell structure in PPNs.
3. OBSERVATIONS AND DATA REDUCTION 3.1. Observations We obtained high-resolution near-IR polarimetric data from four PPNs using NICMOS on-board HST through a general observer (GO) program 9377 (PI: T. Ueta) during Cycle 11, after the NICMOS cooling system (NCS) was installed during the servicing mission 3B (SM3B). We selected the target sources (IRAS 07134+1005, IRAS 06530−0213, IRAS 04296+3429, and IRAS [Z] 02229+6208 7 ) based on their morphological classification in a previous WFPC2 survey (Ueta, Meixner, & Bobrowsky 2000) : they are all SOLE-toroidal PPNs. We observed our targets with Camera 1 (NIC1), which provides 11 ′′ × 11 ′′ field of view at 0.
′′ 043 pixel −1 scale, and short wavelength polarizers (POL0S, POL120S, and POL240S, covering 0.8 to 1.3 µm). We used the MULTIACCUM (non-destructive readout) mode to recover information in saturated pixels from unsaturated readouts.
To remove the effects of bad pixels and improve the spatial sampling of the PSF, we employed the dithering technique and observed each source at five or four dithering positions (i.e., four-point spiral pattern with or without the pattern center) with offsets by non-integer pixels. At each dither position we took images using all three polarizers, allocating equal amount of exposure time to each polarizer. The observations were designed this way to make the visits as efficient as possible. However, taking multiple exposures at each dither position can cause a problem particularly when a wide dynamic range has to be covered, since image persistence due to very bright parts of the source (the central star, in our case) may leave photon persistence that can affect the subsequent exposures (e.g., Dickinson et al. 2002) . To reduce the effect of persistence, we took two 5.158 sec BLANK exposures after each exposure with a polarizer.
In addition to the four target sources, we also obtained data from a PSF reference star, HD 12088, since we concluded from our previous experience with WFPC2 that the best way to reduce the PSF effects from HST data was to use observed PSF data (Ueta, Meixner, & Bobrowsky 2000) . This high proper-motion star was selected as a PSF reference because (1) most unpolarized stars are known to be high proper-7 Hereafter, we refer to each object by the RA part of the IRAS designation. The prefix "Z" for IRAS 02229 is given by due to the fact that the source was found in the Faint Source Reject File in the IRAS Faint Source Survey. ).
e PSF standard for our target sources. f PSF (and photometric) standard for the archived data.
motion stars and (2) this star lies in the continuous viewing zone (CVZ) and can be observed in the same orbit as one of the target sources that is also in the CVZ without spending an additional orbit just for PSF observations. The same instrumental set-up was used for the PSF reference observations. We summarize the observing parameters in Table 1 . We are interested in the morphologies of the circumstellar shells revealed by the dust-scattered, polarized light. Although polarimetric data have been acquired from evolved stars with NICMOS in the past, no study has been done to extract the spatial information from the data by alleviating the PSF effects of the bright central star. Therefore, we have analyzed all the archived NICMOS polarimetric data obtained from evolved stars (mostly done with NIC2) to study the shell structure. Here, we included data from a PPN, IRAS 16594−4656, whose I p map provides more spatial information of the shell structure than previously reported (Su et al. 2003 ′′ 075 pixel −1 scale) and long wavelength polarizers (POL0L, POL120L, and POL240L, covering 1.9 to 2.1 µm) were used with the three-point spiral dither pattern. Table 1 also shows observing parameters for the additional sources.
Data Reduction
We used the standard set of NICMOS calibration programs provided in the latest version (Version 3.1) of IRAF/STSDAS 8 at the time of data reduction. The CAL-NICA calibration routines in STSDAS perform zero-read signal correction, bias subtraction, dark subtraction, detector non-linearity correction, flat-field correction, and flux calibration. After pipeline calibration, we realized that our data were 8 STSDAS is a product of the Space Telescope Science Institute, which is operated by AURA for NASA affected by the "pedestal effect", a variable quadrant bias, and the "Mr. Staypuft", the amplifier ringing and streaking due to bright targets (Dickinson et al. 2002) . The pedestal effect was removed by first manually inserting the STSDAS task biaseq in the middle of the CALNICA processes (before flatfielding) and then employing the STSDAS task pedsub after the CALNICA processes. The former removes the non-linear components of the bias drift, while the latter takes care of the linear components. To remove the "Mr. Staypuft" anomaly, we applied "undopuft" IDL routines provided by the STScI NICMOS group to the raw data before using any of the CAL-NICA routines. Any remaining stripes along the fast readout direction associated with "Mr. Staypuft" were subtracted by extracting the anomalous stripes from the block-averaged blank sky.
The calibrated, anomaly-cleaned frames of dithered images were then combined into a single image by applying the variable-pixel linear reconstruction algorithm (the STS-DAS package dither, Version 2.0; Koekemoer et al. 2002) . This method would interlace ("drizzle") each pixel in multipoint dithered frames according to the statistical significance of each pixel. The drizzled images were sub-pixelized by a factor of 2 during the process: the reduced images would have pixel scales of 0.
′′ 0215 pixel −1 (NIC1) and 0. ′′ 0375 pixel −1 (NIC2). Cosmic-rays were also removed by the drizzling algorithm.
The NICMOS arrays are slightly tilted with respect to the focal plane, and thus the NICMOS pixel scales along the two spatial axes of each camera are not identical. Although its effect is small, pixels have to be properly rectified to accurately determine the orientation of the polarization vectors. Since the geometric distortion parameters have been found to be identical before and after SM3B, we simply applied the geometrical transformation within the drizzle process, using the geometric distortion coefficients provided by the STScI NICMOS group. Derivation of the Stokes Parameters At the end of the processes described above, images would have units of the default count rate for HST data (DN sec −1 ; "DN" = data number). These count rates can be translated into appropriate physical units by means of photometric conversion factors, PHOTFLAM and PHOTFNU, before the Stokes parameters are derived from the data. However, these factors depend on the actual detector sensitivities, which were altered after the NCS installation due to the 15 K raise of the NIC-MOS detector operating temperature. Since post-SM3B photometric conversion factors for the polarizers were not available at the time of our analysis, we estimated them following the method described below.
First we retrieved archived NICMOS calibration data of an unpolarized standard star, BD+32
• 3739, from CAL programs executed before and after SM3B (PIDs: 7692, 7958, and 9644). Then, we reduced the data following the same procedure as our scientific data and performed aperture photometry on the calibration data using the apphot task in the NOAO/DIGIPHOT package in IRAF. From the measured count rates of the pre-SM3B data and the pre-SM3B photometric conversion factors (PHOTFNUs), we computed the flux of the standard star through each polarizer. Finally, we obtained the post-SM3B PHOTFNUs from the derived flux of the standard star and the measured count rates of the post-SM3B data. The measured count rates of the scientific data were then converted into Janskys. Table 2 summarizes PHOTFNU values we used.
Using the photometric calibrated data for each polarizer, we derived the Stokes parameters following the matrix inversion method Hines, Schmidt, & Schneider (2000) ; Dickinson et al. (2002) . For the post-SM3B data, we used revised matrix coefficients provided by the STScI NICMOS group, of which only the t k coefficients (which are related to the throughput of the polarizers) have been updated from the pre-SM3B values. The t k values are listed in Table 2. 3.4. PSF Subtraction To measure correct polarization strengths, the PSF effects have to be removed. Thus, we need to confirm the polarization free nature of our PSF standard star, HD 12088. Fig. 1 shows the I and I p maps of HD 12088 and of an archived polarimetric standard star, BD+32
• 3739. HD 12088 does not appear to be extended (besides the more pronounced PSF spikes and polarizer ghosts) with respect to BD+32
• 3739 in I (Figs.  1a and 1b) . The I p map (Fig. 1c) does not seem to indicate the presence of intrinsic polarization from HD 12088 other than the known polarizer ghosts appearing at (0.
′′ 23, 1. ′′ 19) and (−0.
′′ 16, 0. ′′ 93) in comparison with BD+32
• 3739 (Fig.  1d) . The excess I p structure is likely due to photon shot noise caused by the bright star and is restricted mainly to < ∼ 0.
′′ 6 from the star. The measured polarization is 1.5% in a 0.
′′ 6 diameter aperture (about ×3 larger than the FWHM of the PSF) and 2.8% in pixels registering > 10σ sky in the I map for HD 12088, while that for BD+32
• 3739 is 1.8% and 1.4%, respectively. Hines, Schmidt, & Schneider (2000) reported < ∼ 1% instrumental polarization. Thus, our > ∼ 1% polarization of BD+32
• 3739 is likely due to systematics in the data reduction procedure. Slightly higher polarization of HD 12088 in the > 10σ sky pixels is likely due to the polarizer ghosts and pixels affected by the PSF spikes. Therefore, we consider that polarization in HD 12088 is negligible for our purposes in detecting polarization much higher than a few % and that such small polarization would not affect our interpretation of the data.
Closer inspection of Figs. 1a and 1b indicates that there is a companion object very close to HD 12088 at (−0.
′′ 19, 0. ′′ 09). Although such a companion can be removed by combining images rotated by a multiple of 90 deg around the central star, it turned out that this operation would average out the asymmetric PSF structure to a degree that the PSF subtraction would not be effective. Thus, we performed PSF-subtraction simply using the raw HD 12088 maps: the resulting PSFsubtracted maps would suffer from oversubtraction by this companion object.
For the PSF removal, we tried deconvolution using the Lucy-Richardson method (the lucy task in IRAF) and the MCS method (Magain, Courbin, & Sohy 1998) . However, deconvolution did not yield satisfactory results because (1) the PSF effects were too severe and extensive to be removed and (2) the companion objects interfered with the deconvolution algorithm. Thus, we resorted to a much simpler scale-andshift subtraction approach. The intensity scaling factor and shifts between the images were found by iteratively search-ing for the best values using the PSF spikes, since we did not know a priori how much intrinsic nebular flux there is in addition to the stellar flux and the pixels over the central star were often susceptible to large photon shot noise. It should be noted that the HD 12088 data are only effective for our target data obtained with NIC1 polarizers after SM3B. For PSF subtraction in pre-SM3B NIC2 data, we used the BD+32
• 3739 data. Fig. 2 demonstrates improvements gained from PSF subtraction. The raw I map (Fig. 2a) is severely affected by the PSF, and it is nearly impossible to gain any spatial information about the nebulosity except that it is extended. However, the PSF-subtracted I map (Fig. 2b ) successfully reveals the internal shell structure. The raw I p map (Fig. 2c) shows even more shell structure than the PSF-subtracted I map: polarized light seems to be concentrated at the periphery of the nebulosity with local brightness enhancements. However, we now recognize the intrusive PSF spikes and polarizer ghosts at (−0.
′′ 8, −0. ′′ 9) and (−1. ′′ 4, −0. ′′ 8) due to photon shot noise caused by the extremely bright central star (Fig. 2d) shows the PSF-subtracted I p map in which the shell structure is seen almost artifact-free. However, the quality of the image is gravely compromised by the S/N of the PSF standard data. This is why data from the polarimetric standard star have to be carefully tailored in imaging polarimetry for optically thin circumstellar shells surrounding a bright central source. Unfortunately, we did not have an independent orbit for PSF observations. Hence, our PSF data was unable to gain enough S/N to achieve optimum results from PSF subtraction. In the following, we use raw I p data in order to take advantage of high S/N unless the polarizer ghosts pose serious problems in the data analysis. As for the P maps, we use raw P data for displaying purposes, but measurements were done with the PSF-corrected data.
RESULTS
In Figs. 3 to 7, we present the polarimetric maps of five PPNs in a uniform format. The PSF-subtracted I and I p (top left and right, respectively) maps reveals the distribution of scattering medium in these circumstellar shells. The P map (bottom left) represents the distribution of I p with respect to I, augmenting the I and I p maps from a different point of view. The θ map shows the orientation of the polarization vectors by the "rainbow wheel" pattern. We opt to display the θ maps this way since the high resolution quality of the data can be compromised by inevitable rebinning in making conventional vector diagrams. In addition, the pixels affected by image anomaly (by the ghosts and shot noise near the central star) have been masked out in the θ maps.
In Table 3 we summarize the results of the observations including the measured coordinates of the object, I and I p fluxes, mean P and its standard deviation, and descriptions of I p structure. The coordinates listed are the observed location of the I peak, which coincides with the I p peak and the θ center if the shell is sufficiently optically thin. The fluxes are determined by integrating the surface brightness over the shell where pixels register more than one σ sky . Although sky emission has been subtracted in calibration, we removed any residual "sky" emission if the sky value determined in an annulus around the object registers more than three σ sky . The mean P and its standard deviation have been determined by using pixels that registered more than 10 σ sky . The I p structure is described by the overall shape, dimensions (typically major and minor axis lengths), and PA measured east of north. The accuracy of the photometric results depends on the quality of the PHOTFNU values used in our analysis ( Table  2 ). The measured I fluxes are all consistent with the known photometric values, given the difference in the filter profiles between J/K and short/long wavelength polarizers, except for IRAS 07134. Our IRAS 07134 observations have yielded the I flux of 9.3 Jy, which is more than a factor of three higher than recent measurements of 2.9 Jy (m J = 6.8; e.g. . While this source suffers from the polarizer ghosts, they are known to cause only less than 1% in brightness of the primary source (Hines, Schmidt, & Schneider 2000) . Thus, the ghosts alone could not have introduced this inconsistency. Given that our PHOTFNU have yielded reasonably consistent photometric results for the other three targets (within 50% difference), our estimates of the PHOTFNU values do not seem to have caused systematic errors. The most likely source of this inconsistency seems to be the photon persistence. The data for IRAS 07134 are affected by severe photon persistence, and the affected pixels (∼ 0.
′′ 4 of the star) can remain affected even two dither positions later (i.e., four exposures or more later). The persistent signal decay can interfere with the non-linearity correction algorithm in the pipeline calibration, leading to inaccurate count rates. We have not, however, attempted to improve the accuracy of our photometric measurements, since (1) absolute photometric calibration is not possible without properly calibrated PHOTFNU values, (2) only relative calibration among the three polarizers is important in deriving the Stokes parameters (Q and U), and (3) only the vicinity of the star (∼ 0.
′′ 4) is affected by the photon persistence.
With the (P, θ) data set, we see highly centrosymmetric nature of polarization in all PPNs. We can use the polarization vectors to backtrack the position of the illumination source, i.e., the central star. The center of the vector pattern was derived by minimizing the sum of the square of the distance between the vector position and the vector pattern center. In this analysis, we used vectors that are in the pre-defined annulus centered at the presumed pattern center. We assumed the I peak to be the pattern center, and iterated the process by using the updated center position until the shift between the previous and current centers becomes smaller than the numerical accuracy of the analysis. The vector pattern center was found to coincide with the I peak position in all cases: the results are summarized in Table 4 . Thus, these nebulae -SOLE-toroidal PPNs -are indeed optically thin and illuminated by the central star located at where the I peak is.
INDIVIDUAL SOURCES
In this section, we describe the individual source structure, including the 3-D aspects of it as revealed by these polarimetric images.
IRAS 07134+1005 (HD 56126)
Polarization observations of IRAS 07134 (HD 56126) are presented in Fig. 3 . The PSF-subtracted I map (Fig. 3a) shows a slightly elliptical nebula (4.
′′ 8 × 4. ′′ 0 at PA 25 • ), which clearly possesses some internal structure previously unrecognized in the near-IR. The bulk of surface brightness is concentrated in the region close to the minor axis of the nebula (PA 115
• ), with the eastern side being brighter and spatially more extended than the western side. There is an apparent brightness peak on the east side of the nebula at (1 ′′ , −0. ′′ 5), whereas the west side does not show any local brightness peak. At the northern and southern end of the nebula, there is significantly less surface brightness. There appears to be a filamentary structure along the periphery of the nebula, delineating the elliptical tips in the low surface brightness region (also seen well in the grayscale image, Fig. 2b ).
In the I p map (Fig. 3b) , we can identify at least two regions of enhanced surface brightness on the east and west side of the nebula with the local peaks located at (1 ′′ , −0. ′′ 5) and (−1.
′′ 5, 0. ′′ 5). The east peak shows stronger and more extended brightness distribution than the west peak. The surface brightness of the east peak is 18 mJy arcsec −2 which is about 1.5 times brighter than the western counterpart (see the profiles in Fig. 9 ). The region of enhanced surface brightness ( > ∼ 5 mJy arcsec −2 ) extends from PA 50
• to 205
• on the eastern side, and from 250
• to 350
• (with an apparent gap at 320
• ) on the western side. These brightness-enhanced regions are connected by the lower brightness (∼ 3 mJy arcsec −2 ) region at the N-S elliptical tips of the nebula, in which filamentary structures outline the edge of the tips (more apparently in I p than in I). Incidentally, the interior region encircled by this "rim" region shows weak surface brightness ( < ∼ 3 mJy arcsec −2 , in the region < ∼ 1. ′′ 2 − 1. ′′ 3 from the center). Overall, the bulk of I p appears radially confined to the nebula periphery beyond about 1.
′′ 5 from the central star in all directions. This is particularly seen well in the northern half of the nebula where surface brightness of the interior region ( < ∼ 1.
′′ 5 from the central star) becomes very small (almost null) without any contamination by the polarizer ghosts
In the P map (Fig. 3c) , we immediately see that the high P ( > ∼ 20%) regions occur near the periphery of the nebula beyond about 1.
′′ 5 from the central star in all directions: the mean polarization strength is 55%. The high P regions correspond to the high I p regions. However, in the P map, there is not so much of a difference in the polarization strength at the elliptical tips and at the eastern/western edges of the nebula as in the I p map. The northern tip shows somewhat weaker polarization strengths than the southern tip: this is consistent with slightly higher I in the northern tip and almost equal I p at the both tips. The θ map (Fig. 3d) illustrates the polarization PA by the image tone. This particular θ map shows an almost perfect "rainbow wheel" pattern by the uniform and symmetric gradation of the image tone in the azimuthal direction, which depicts the highly centrosymmetric nature of the polarization.
The past observations of this PPN found a slightly elliptical nebula via dust-scattered star light in the optical (Ueta, Meixner, & Bobrowsky 2000) and its two-peaked core structure via thermal dust emission in the mid-IR (Meixner et al. 1997; Dayal et al. 1998; Jura, Chen, & Werner 2000; Kwok, Volk, & Hrivnak 2002) . The observed morphology has been thought to represent an almost edge-on ellipsoidal (slightly prolate) shell with an equatorial density enhancement (i.e., torus) that results in limb-brightened two-peak core emission in the mid-IR. This interpretation has been corroborated by a 2-D radiative transfer model of dust emission (Meixner et al. 1997 (Meixner et al. , 2004 ). The present observations have revealed the toroidal structure of the shell for the first time in dust-scattered star light in the near-IR at more than a factor of two better resolution than the past mid-IR imaging. Moreover, the polarization characteristics of the shell confirm that it is optically thin at 1 µm having the central star as the illumination source. This further strengthens the edge-on torus interpretation, in which such density structure would manifest itself as two limb-brightened peaks only when the shell is sufficiently optically thin.
In Fig. 8 , we compare the shell structure seen in dustscattered near-IR light (color) and in thermal dust emission at 10.3 µm (contours; from Kwok, Volk, & Hrivnak 2002) . Both data show similar brightness distribution where the eastern side is stronger and covers a larger spatial extent: even the surface brightness gap on the western side at PA 320
• is seen in both of the I p and 10.3 µm maps. Thus, we confirm that the imbalance of brightness distribution is real, and so is the isolated emission blob north of the central star seen in the mid-IR. Geometrically, this blob appears to be part of the western edge of the toroidal structure that has been broken off for some reason.
There has been a question of whether this imbalance of mid-IR peak strengths is due to density or temperature effects of dust grains. If the dust temperature were the cause for the peak strength imbalance, we would not have seen the same imbalance in the I p map. Polarization maps are sensitive to scattered light, whereas thermal dust emission maps are sensitive to warm dust. Thus, the I p distribution does not necessarily have to follow the distribution of thermal mid-IR emission. Together with the mid-IR data, our images suggest that there is simply more dust grains in the eastern side of the shell than the western side. Recent CO observations have shown a similar morphology (Meixner et al. 2004) , corroborating that there is more matter (dust and gas alike) on the eastern side of the shell in this object.
Meanwhile, there are apparent differences between the I p and mid-IR morphologies which can be easily understood by the differences in the nature of light arising from dust grains. One difference is that the I p and mid-IR peaks do not spatially coincide: the I p peaks are found more towards the edge of the shell than the mid-IR peaks. In general, mid-IR emission arises from the warmest (∼ 100 to 200 K) dust grains located near the inner edge of the shell. Thus, we would expect the mid-IR peak at the edge of the inner cavity where the line of sight traverses the longest distance in the warmest dust. However, due to the curvature of the surface of the inner cavity, the peak mid-IR position tends to be found somewhat closer to the central star. On the other hand, I p becomes the strongest at the inner boundary and decreases in the radially outward direction assuming a radially decreasing density profile (e.g. ∝ r
−2 ), because scattering geometry dictates the behavior of scattered light. Another difference is that the I p peaks are more extended along the nebula edge than the mid-IR peaks. This is simply because scattering can occur as long as there is enough incident light and scattering medium. Thus, the I p map has unveiled the shell structure in the outer shell where the region of enhanced density is extended well into the high latitude part of the ellipsoidal shell.
As a PPN, IRAS 07134 is expected to have an inner cavity generated by the cessation of mass loss at the end of the AGB phase. The emission structure of the mid-IR and CO maps (e.g. Kwok, Volk, & Hrivnak 2002; Meixner et al. 2004 ) is consistent with the presence of such a cavity. If the shell of IRAS 07134 is hollow and has a radially decreasing density structure, then we expect that (1) the highest I p occurs at the inner edge of the shell and (2) P should radially increase due to the geometrical effect of scattering angles (confined closer to 90
• ) and becomes the highest at the outer edge of the shell. Our I p and P maps do show these characteristics exactly as expected. Although it is still possible that the contamination by the unpolarized component of the PSF artificially lower P in the central region, the high P ( > ∼ 20%) region is restricted near the outer edge of the shell beyond the PSF. This high P regions occupy the same portions of the shell as the high I p regions, forming a "ring" structure at the rim of the shell. Therefore, the shell of IRAS 07134 most likely possesses an inner cavity, and the part of the shell probed by scattered light represents a hollow spheroid.
To better illustrate the spatial variation of surface brightness, we have made various cuts in the I p map. In Fig. 9 , we show profiles along the northern major axis (N cut; PA 25
• ; solid black line), eastern minor axis (E cut; PA 115
• ; dotted line), western minor axis (W cut; PA 295
• ; dashed line), and intermediate PAs (NE-NW-SE cut; PAs 70
• , 160
• , and 340
• ; solid gray line). These profiles are derived from a linear cut of 10-pixel width (or the median of multiple cuts, in the case of the NE-NW-SE cut). We do not include the S and SW cuts because of the contamination by the polarizer ghosts.
These cuts show a similar profile: there is a steep outer edge representing dust pile-up, which surrounds the high brightness region of the main shell, and the brightness steeply falls down to a relatively flat, plateau region. All cuts show the inner plateau inward of < ∼ 1. ′′ 3 − 1. ′′ 4, except for the E cut with plateau of < ∼ 0.
′′ 9. We interpret that this inner "plateau" profile is due to the inner cavity created by a precipitous drop in the mass loss rate at the end of the AGB phase. In the context of polarization, the presence of the inner cavity means the absence of the scattering medium near the plane of the sky, resulting in an abrupt decrease of I p and P, thereby forming an inner boundary of the shell. It is, therefore, the direct observational evidence for the presence of such an inner cavity in PPNs.
IRAS 06530−0213
The polarization maps of IRAS 06530 are displayed in Fig.  4 . The PSF-subtracted I map (Fig. 4a) shows a highly elliptical shape of the nebula (2.
′′ 4 × 1. the low brightness (∼ 5 mJy arcsec −2 ) elliptical tips extend beyond the barrel-shaped region of higher surface brightness ( > ∼ 15 mJy arcsec −2 ). The I p map (Fig. 4b ) reveals a cusplike (or a sideway x) structure within the barrel region. Such structure typically indicates the swept-up walls of the bipolar cavities. Thus, IRAS 06530 is likely a near edge-on, highly prolate ellipsoidal shell showing a rather bipolar nature in the low latitudinal region. Fig. 10 shows the polarized brightness cuts of the shell made along the major axis (N-S cut; N-S averaged, thick gray line) and the lines parallel to the minor axis at 0.
′′ 43 N and S of the central star (E-W cut; E-W averaged, solid black line). The N-S cut demonstrates the elongated I p structure with a gentle slope at the edge, while the E-W cut shows a peak at around 0.
′′ 34 that defines a bipolar cavity wall. The polarization characteristics seen in the P and θ maps (Fig. 4c and 4d , respectively) are very similar to those of IRAS 07134 (Fig. 3) . P is stronger near the edge of the shell while it is absent in the central region even beyond the PSF. The polarization pattern is very much centrosymmetric as seen from the almost perfect rainbow wheel pattern.
Thus, IRAS 06530 is a highly prolate spheroidal shell, which very likely has an inner cavity as in IRAS 07134. Although the shell is optically thin, there is sufficiently high concentration of dust grains at the equatorial region so that the bipolar cusp structure is seen in I p . The total optical depth is not large enough to induce the full extinction of star light expected in typical bipolar PPNs (e.g., IRAS 17150−3224; Kwok, Su, & Hrivnak 1998; Su et al. 2003) . This may be why we do not observe a low I p "hole" in the central region of the shell as we saw in IRAS 07134. However, we do see a possible inner cavity in the P map.
IRAS 04296+3429
In Fig. 5 we present data from IRAS 04296. The PSFsubtracted I map (Fig. 5a) shows a quadrupolar nebula (roughly 1 ′′ × 1. ′′ 5) with an east-west elongated core having round protrusions towards PA 26
• and 206
• . The I p map (Fig.  5b) successfully unveils the slanted X shape of the nebula more clearly than the I map. The nebula's X shape is due to the presence of two axes of elongation. One of the elongations is oriented at PA 26
• and shows a relatively well-defined elliptical shape (2.
′′ 1 × 0. ′′ 7; extension 1). The other elongation, oriented at PA 99
• , is fainter with its surface-brightnesslimited ends smeared out in the background (3.
′′ 5 × 0. ′′ 5; extension 2). These elongations are not oriented perpendicular to each other. Although Sahai (1999) reported that extension 2 is not straight with a 5
• shift between the eastern and western tips from the WFPC2 data, we are unable to confirm this in our data due to the confusion by the PSF spike nearly aligned with this extension. While the I p structure is consistent with the one seen in the previous WFPC2 data (Ueta, Meixner, & Bobrowsky 2000) the central star appears more prominently in the near-IR data, since the central star (the nebula) is brighter (fainter) in the near-IR. This is why the I map does not clearly show the X structure as in the WFPC2 images. Fig. 11 displays I p radial profiles of the extensions to better present the extent of the structures. These profiles are constructed by taking linear cuts of 10-pixel width along the extensions and averaging the values at both ends. For comparison, we also show the "least extended" shell profile, created from linear cuts at PA 63
• and 153
• (in-between directions of the extensions). The extension 1 profile (black solid line) shows I p excess in the region close to the central star, but it suddenly falls to the flux level similar to the least extended profile (black dotted line) at around 1 ′′ . On the other hand, the extension 2 profile exhibits I p excess as far out as ∼ 1.
′′ 8 before it gradually falls down to the background level.
The P map (Fig. 5c ) uncovers the structure of the two extensions even better. In extension 1, strongly polarized light ( > ∼ 30%) is concentrated near the periphery of the elongation, especially at the tips, whereas weakly polarized light fills the cavity surrounded by the high polarization region. Because of the compactness of the nebula, we can not rule out the possibility that the central region registers low P values due to the residual unpolarized component from the central star. The P structure of extension 1 resembles that of the previous two sources. However, in extension 2, the weak P cavity is not very well-defined partly due to confusion by the presence of falsely high polarization caused by the PSF spikes. Nevertheless, high polarization is observed as far out as 1 ′′ from the central star. The θ map (Fig. 5d ) exhibits a general cen-trosymmetric pattern of an optically thin shell, with only a marginally shallower gradient over the extensions.
Based on the optical morphology of the nebula, Sahai (1999) interpreted extension 1 to be a bounded disk that collimated outflows manifesting themselves as extension 2. Our polarization data, however, do not support this disk interpretation. The I p shape of extension 1 does not support a geometrically thin disk structure. If extension 1 is a thin disk with its plane inclined 24
• with respect to the line of sight, the spatial distribution of the disk material in the plane of the sky will be extremely restricted. This would result in strong scattering in a geometrically narrow region in the sky, and the I p map will likely be very narrow in the direction perpendicular to the extension. However, this is not the case. The fact that extension 1 appears elliptical in I p strongly suggests that the distribution of scattering matter is elliptical in the plane of the sky, implying a prolate spheroidal structure of the shell. The P morphology of extension 1 shows a possible low P cavity surrounded by the region of strong polarization at the nebula edge. Thus, extension 1 is very likely a prolate spheroid, possibly with an inner cavity. In terms of polarization characteristics, there is no significant difference in both extensions except for the sharpness of the tip structure. In extension 1, we see the highest P at the tips of the elongation. However, in extension 2, the highest P does not arise from the tips. As the profiles indicate in Fig. 11 , extension 2 is extended out to about 1.
′′ 8. This may suggest that extension 2 is also a hollow prolate spheroid, but is inclined with respect to the plane of the sky so that the region of high P occurs where the spheroidal shell intersects with the plane of sky and not at the tips.
IRAS (Z)02229+6208
We show the polarization maps of IRAS 02229 in Fig. 6 . The PSF-subtracted I map (Fig. 6a) shows an elliptically extended nebula (2.
′′ 1 × 1. ′′ 3 at PA 45 • ), which is consistent with the previous WFPC2 images (Ueta, Meixner, & Bobrowsky 2000) . The surface brightness distribution is such that the southwestern tip is slightly brighter than the northeastern tip. The I p map (Fig. 6b) exhibits the same elliptical shape of the nebula. Unlike the I map, the I p map does not show any apparent spatial difference in the polarized surface brightness distribution. Although the low brightness edge (∼ 50 mJy arcsec −2 ) is elongated towards PA 45
• (nearly aligned with a PSF spike), the high surface brightness core (> 200 mJy arcsec −2 ) appears to be elongated towards a slightly different direction (PA 60
• ). The P map (Fig. 6c ) appears quite differently with respect to other P maps: strong polarization is not concentrated near the periphery in this nebula. Instead, we see a band of low polarization ( < ∼ 30%) in the middle of the shell aligned with PA 150
• , which separates the region of medium polarization (∼ 30 − 40%) on the southwest side and the region of high polarization ( > ∼ 40%) on the northeast side. The θ map (Fig. 6d) shows a generally centrosymmetric pattern. However, the gradient of the vector angle seems to be steep in the low polarization band, and shallow in the elliptical tips of the shell. This indicates that more vectors in the elliptical tips are aligned parallel to the low P band which most likely represents the equatorial plane. Note also that the orientation of the low polarization band is not perpendicular to the direction of the elongation of the shell, but to that of the core elongation (PA 60
• ). The polarization characteristics of this object is very distinct with respect to those of the previous objects.
The peculiar P map can be understood in terms of the inner structure and inclination of the shell. The presence of the low P band suggests that dust density is more equatorially enhanced within a rather geometrically narrow region in this object. If the near side of this inner torus is tilted towards the northeastern direction, the southwestern side of the shell (i.e., the near side of the ellipsoidal shell) appears more illuminated by the direct star light in our viewing angle. This is consistent with the I map showing the brighter southwestern tip than the northeastern tip (Fig. 6a) . However, assuming a spheroidal density distribution of the shell there will be no difference in terms of the amount of scattering medium in the plane of the sky, and hence, the I p brightness will be the same on both sides of the shell (Fig. 6b) . Since P is a ratio of I p to I, we would see lower (higher) P on the southwestern (northeastern) side of the shell. Therefore, IRAS 02229 seems to be similar to IRAS 06530 with a spheroidal shell with a relatively stronger equatorial density enhancement. However, the shell orientation of IRAS 02229 is most likely more pole-on compared to IRAS 06530. IRAS 02229 was marginally resolved in the mid-IR in our previous imaging survey (Meixner et al. 1999) , and has recently been observed at the Gemini North (Kwok, Volk, & Hrivnak 2002) . Fig. 12 shows the I p and P maps overlaid with 10.3 and 18.0 µm contours. 10.3 µm emission is extended with PA of 20
• , which is off by 25
• with respect to the I elongation (Fig. 12a) . We have also seen a slight shift of PA between the outer and inner I structure (45 • and 60
• , respectively). Assuming these parts of the shell with different PAs represent distinct portions of the shell structure, this shift of PA may indicate that the inner torus is precessing/rotating in the counterclockwise direction. Such precession/rotation of the inner torus has already been suspected in a SOLE-toroidal PPN, HD 161796 (Gledhill & Yates 2003) .
The low P band also does not seem to show strong spatial correlation to the 10.3 µm emission region (Fig. 12b) . However, the 18.0 µm map seems to be elongated in the direction of the low P band (Fig. 12c) . Kwok, Volk, & Hrivnak (2002) suspected that the 18.0 µm map may have suffered from variable sky conditions, If IRAS 02229 has geometrically narrow density distribution in the innermost region of the shell, it is possible that the mid-IR continuum emission would be elongated along the equatorial plane as we see in Fig. 12c . If this geometry causes the 18.0 µm elongation, then this raises a question as to why the 10.3 µm emission, another map of continuum, is not elongated as the 18.0 µm map. The 10.3 µm map, in fact, is morphologically very similar to the 11.7 and 12.5 µm maps that represent unidentified IR feature emission. Although Kwok, Volk, & Hrivnak (2002) concluded that 10.3 µm emission represented continuum, comparison of the ISO spectrum with the mid-IR filter profiles (see Fig. 4 in Kwok, Volk, & Hrivnak 2002 ) may indicate that the 10.3 µm filter does capture some emission due to the same unidentified IR feature emission that caused elongation in the 11.7 and 12.5 µm images. It is also interesting to note that the 20.8 µm map (representing the unidentified "21 µm" feature) shows somewhat different elongation with respect to other maps. Thus, it may be that the 18.0 µm map is the true continuum emission map that reflects the disk-like dust distribution of the shell, and that other maps are different due to distinct dust species responsible for feature emission at other wavelengths. Further investigation at higher resolution, preferably spatial spectroscopy, is necessary to determine if distinct spatial distribution of different dust species can result in such changes of morphology. Kwok, Volk, & Hrivnak (2002) , and the contours are at 10, 30, 50, 70, and 90%. The display convention is the same as Fig. 3 .
IRAS 16594−4656
We present the archived 2 µm polarization data of IRAS 16594−4656 that have been reanalyzed to mitigate the PSF effects (Fig. 7) . The PSF-subtracted I map (Fig. 7a) reveals the inner structure of the nebula that is clearly elongated in the east-west direction (5.
′′ 0 × 2. ′′ 2 at PA 81
• ; > ∼ 7 mJy arcsec −2 ). The I p map (Fig. 7b) uncovers the structure of the shell, in which we see the bipolar cusp structure, similar to the one in IRAS 06530 (Fig. 4b) , corresponding to the main I elongation. We do not see any elliptically elongated tips surrounding the cusp structure as in the case for IRAS 06530. The tips of the cusp are more elongated in this object and appear to delineate the wall of the bipolar cavities.
The P structure resembles those with a hollow shell (Fig.  3c, 4c , and probably 5c), in which there is a region of low polarization in the middle of the shell encircled by a region of high polarization. In IRAS 16594, however, the region of high polarization does not seem to completely surround the central low P region: it is mainly found southeastern and northwestern ends of the shell. Moreover, it appears that the P map also possesses a low P band structure in PA 167
• , which is similar to the one in IRAS 02229 (Fig. 6c) . The θ map is very much centrosymmetric.
IRAS 16594 has been observed with HST many times in the past. WFPC2 images have shown the object's multipolar reflection nebula that has three extensions on each side (e.g., Hrivnak, Kwok, & Su 1999) . These extensions form oppositely pointing pairs in the directions of PA 40
• , 60
• , and 80
• − 260
• . The length of the elongation decreases in the counterclockwise direction, while the surface brightness increases. Thus, the optical structure has been interpreted as oppositely directed material ejected episodically from a rotating source. Our PSF-subtracted I and I p images show that the inner shell structure is aligned with the elongation of PA 80
• , as has been seen only faintly in heavily PSF affected NICMOS broad to medium band images (Su et al. 2003) . Hence, the episodic ejection interpretation is consistent with the nebula's inner shell structure.
The toroidal nature of the innermost shell has recently been exposed by mid-IR imaging, in which the presence of the limb-brightened peaks in the emission core has proven that the shell has an equatorial density enhancement along PA 170 García-Hernández et al. 2004) . The elongation of the inner shell is therefore aligned with the symmetric axis of the torus. Thus, it seems likely that material ejection is presently channeled into the directions of the inner shell elongation by the torus or by some collimation mechanism(s) that can generate such outflows and equatorial density enhancement.
The orientation of the torus is spatially coincident with the low P band seen in our data (Fig. 7c) . This confirms our interpretation of the presence of low P band as a manifestation of dust density enhancement along the equatorial plane of the system (see Fig. 6c and discussion associated with it). Su et al. (2003) interpreted that the low P around the central star was due to an inclined dust torus at an "intermediate" angle. However, the P map of IRAS 16594 does not suggest an inclination angle as large as IRAS 02229 in which the imbalance of I due to inclination resulted in the imbalance of P on the opposing sides of the shell. Thus, the orientation of the torus in IRAS 16594 is more likely close to edge-on. A dust emission model with our 2-D radiative transfer code has indicated the inclination angle of roughly 75
• with respect to the line of sight ).
6. DISCUSSION 6.1. 3-D Shell Structure via (I p , P) Our main objective in the present study is to investigate the structure of optically thin PPNs by means of imaging polarimetry. We have made use of the (I p , P) data set to achieve our goal instead of the more conventional (P, θ) data set with which optically thick regions of the circumstellar shells are probed through the way polarization vectors are aligned with respect to the equatorial plane (e.g. Whitney & Hartmann 1993; Su et al. 2003) .
In radially decreasing density distribution typical of PPNs, I p radially decreases. So, I p becomes the strongest at the inner edge of the shell if the shell has an inner cavity as in the case of PPNs. In the optically thin regime where single scattering dominates, P in general becomes the strongest at the outer edge of the shell because of the geometrical effect. With the (I p , P) data set, we have successfully detected both inner and outer edges of the shell in IRAS 07134. The data have shown that the polarized surface brightness distribution encircles the inner cavity, forming a complete "ring". In terms of scattering geometry, such brightness distribution indicates a hollow spheroid. The data have also shown equatorial enhancement in the material distribution.
Our previous studies of the PPN structure independently confirmed (1) equatorially enhanced (toroidal) dust distribution in the innermost region of the shell by mid-IR imaging (Meixner et al. 1999; Ueta et al. 2001) , (2) the presence of an elliptical shell surrounding the central torus (Ueta, Meixner, & Bobrowsky 2000) by optical imaging, and (3) an equatorially enhanced hollow spheroid (a combination of the above structures) embedded in a spherically symmetric outer shell would explain all the morphological characteristics by numerical modeling (Meixner et al. 2002) . With imaging polarimetry, we have been able to observationally prove that the PPN structure is a hollow spheroid with a built-in equatorial enhancement.
Standard imaging data show only the structure of the circumstellar shells projected to the plane of the sky: the structural information along the line of sight is degenerate. However, the (I p , P) data set can retain the 3-D properties of these shells because the I p and P strengths depend on the scattering geometry within the shells. Thus, we can effectively probe the structure of PPNs, by extracting their 3-D information. In addition, we have been able to determine the detailed geometry of our target sources from their polarization properties: IRAS 04296 has a quadrupolar shell and does not harbor a disk with collimated outflows and IRAS 02229 is oriented in a rather inclined direction with respect to us. introduced a classification scheme for their imaging polarimetry of PPNs based on the I p morphology and other polarization properties. These categories are Shells, Bipolars, and Core-dominated. Their study confirmed the SOLE-toroidal vs. DUPLEX-core/elliptical bifurcation found among PPNs and supported the idea that the bifurcation originated from the varying degrees of optical thickness of the shell. Our target PPNs are all Shells based on their polarization properties (that is, they are equivalent to SOLEtoroidals). However, our high resolution (I p , P) data set has shown a range of morphologies among these optically thin PPNs, from a detached shell structure (IRAS 07134; Fig. 3b,  Fig. 9 ) to a bipolar cusp structure (IRAS 16594; Fig. 7b) , and even the mixture of the two (IRAS 06530; Fig. 4b, Fig. 10 ). This suggests that even for optically thin PPNs there are multitudes of optical depths that their shells can assume.
Morphological Classification Scheme of PPNs
As pointed out by , the division of the SOLE-DUPLEX bifurcation is not clearly defined. These morphological classes are the both ends of a spectrum in the domain of optical depth. A given PPN can have any optical depth in this continuous distribution of optical depth, and therefore, can assume any morphology along this SOLE-DUPLEX spectrum. The P maps of IRAS 02229 and IRAS 16594 (Figs. 6c & 7c) have also hinted that inclination angles and highly geometrically thin equatorial density enhancements can leave characteristic signature in the resulting morphology. Thus, we have demonstrated the robustness of our data, and our results further strengthen the suggestion that the optical depth of the shell plays a major role in determining the PPN morphology with an added complexity from the actual geometry of the equatorial enhancement and the inclination of the object. In order to quantitatively understand the PPN morphology in the optically thin regime, we need more scattering/polarization models of optically thin shells with consideration of inclination angles.
Structure of Superwind
PPNs form as a result of stellar mass loss along the AGB (c.f., Kwok 1993; Balick & Frank 2002) . The innermost shells are created by stellar material that has been ejected in the most recent mass loss, and thus, represent the latest AGB mass loss history. In other words, the observed shells likely embody the superwind shells (Renzini 1981; Iben & Renzini 1983 ). According to the standard scenario for the AGB mass loss, superwinds are enhanced versions of AGB winds that occur during the final stage of the AGB evolution (corresponding to the thermal pulsing AGB phase; Iben 1995 for a thorough review). Hydrodynamical simulations combined with detailed stellar evolution models have shown that thermal pulses lead to enhanced mass loss events (Schröder, Winters, & Sedlmayr 1999) and the formation of detached dust shells (Steffen, Szczerba, & Schönberner 1998; Steffen & Schönberner 2000) . Therefore, we can use the observed shell structure to glimpse the history of superwind mass loss at the end of the AGB phase. Here, we will continue our discussion using IRAS 07134 data that shows the density distribution in the greatest detail.
IRAS 07134 has a rather well-defined outer edge at 2. ′′ 0 to 2.
′′ 4 from the central star as seen in the I and I p images ( Fig. 3a and 3b ) and surface brightness profiles (Fig. 9) . At the edge, the signal registers at least 10 σ sky , and hence, the edge is most likely density bounded. The local surface brightness peak at the northern edge of the shell ( Fig. 9; i.e., the filamentary structure in the I and I p maps, Figs. 3a and 3b) likely represents a pile-up of matter at the interface between the faster dust-driven wind and the slower shock-driven wind co-existing in the AGB shell seen in the model calculations (Steffen & Schönberner 2000) . Thus, the observed shell in dust-scattered star light very likely embodies the shell created by superwind, especially by the wind associated with the last thermal pulse. Using the distance of 2.4 kpc (Hony et al. 2003) and the wind velocity of 10.5 km s −1 (Meixner et al. 2004) , the edge represents matter ejected 2000 to 2400 years ago. We also note the presence of inner cavity of about 1.
′′ 4 radius, which is most likely due to the precipitous decrease of mass loss at the end of the AGB phase and defines the physically detached nature of the PPN. The width of the superwind shell is about 0. ′′ 8. So, the final mass loss has continued for about 800 years after the edge matter was ejected, and the shell has been expanding for about another 1400 years since the mass loss ceased at the end of the AGB phase. This duration of the final mass loss is consistent with theoretically derived duration of superwind mass loss (Blöcker 1995) .
The surface brightness profiles along the equatorial directions are evidence for distinct histories of mass loss experienced by the different equatorial regions of the shell. The observed shell structures suggest that the equatorial density enhancement does not occur symmetrically. There is larger amount of dust grains on the eastern side than the western side. Assuming the constant mass loss velocity of 10.5 km s −1 on both sides of the shell, this imbalance could have resulted from prolonged superwind mass loss experienced by the eastern side: while the western superwind terminated about 1400 years ago, the eastern superwind continued another 400 years. Alternatively, the eastern side may not have been moved as far away from the central star as the western side if the wind momentum is equal on both sides.
The presence of the inner cavity confirms the physically detached nature of the shell in IRAS 07134. However, other objects do not show the inner cavity as clearly as IRAS 07134, especially in I p . These shells instead show the bipolar cusp structure around the central star. Since the cusp structure suggests the presence of matter in the inner cavity, the presence of the cavity in these shells may not have been seen clearly in I p as a "hole". Their P structure is, nevertheless, very similar to that of IRAS 07134 (Fig. 4c for IRAS 06530, Fig. 5c for IRAS 04296, and, Fig. 7c for IRAS 16594) . Thus, we tentatively suggest their marginally hollow nature. As for the cause of the cusp structure (and the presence of matter in the inner cavity), it is not very clear. However, it may be intrinsic to PPNs that have optically thicker shells. That is, such cusp structure within the inner cavity may be required to form as PPNs develop optically thicker shells. The cusp structure may also be indicative of the presence of a rather flattened torus, which can participate in forming highly elongated shell as we see in these objects. However, the degree to which this shell elongation mechanism works seems to be relatively low in these objects, and thus, these nebulae do not possess the prototypical bipolar morphology.
The presence of a single inner shell in IRAS 16594 indicate that the multiple shell structure seen in the optical has been created one elongation at a time while the central region precesses/rotates. However, the quadrupolar structure of IRAS 04296 (Fig. 5) suggests two elliptical elongations that can coexist. Using the distance of 4 kpc (Meixner et al. 1997 ) and the CO outflow velocity of 12 km s −1 , we estimate that the superwind which shaped extension 1 was initiated about 1580 years ago. The absence of the pile-up edges in extension 2 raises an important question about its origin. If the wind velocity along extension 2 is similar to that along extension 1, the wind that shaped extension 2 must have been initiated another 1580 years earlier than the beginning of extension 1 formation. If the shaping of extension 2 was initiated about the same time as the shaping of extension 1 by the onset of superwind, the wind velocity along extension 2 must have been about 24 km s −1 . If the amount of dust in the two extensions is different (e.g. Sahai 1999), two winds with the same velocity could generate elongations with differing length. Either case, two elongations seem to have been generated concurrently at least for some time. Thus, there are likely multiple channels to create multi-polar shell structures.
The polarimetric data have shown that the presence of equatorial density enhancement is prevalent among PPNs with widely varying degrees of strength. With the presence of axisymmetry in the late AGB mass loss history being established as fundamental, it is then reasonable to assume that something equally fundamental is responsible as the origin for axisymmetry -the equatorial enhancement -in the AGB mass loss. An axisymmetric mass loss process may be a natural consequence of very fundamental physics involved in any stellar mass loss and/or any dusty outflowing astronomical phenomena. In Table 5 , we summarize quantities of geometric and dynamic nature of the objects. We measured the inner and superwind (outer) radii (R in and R sw , respectively) assuming the presence of the inner cavity based on their P structure. Using the distance and shell expansion velocities for these objects taken from the literature (Loup et al. 1990; Omont et al.. 1993; Meixner et al. 1997; Reddy, Bakker, & Hrivnak 1999; Hony et al. 2003; Hrivnak & Reddy 2003; Van de Steene & van Hoof 2003; Meixner et al. 2004) , we derived the duration of superwind (T sw ) and expansion the cessation of mass loss (t dyn ). These quantities would not only characterize the axisymmetric nature of PPNs but also serve as constraining parameters for any models to generate equatorial enhancements in the AGB mass loss with magnetic fields/companion objects (e.g., Soker 1998; Mastrodemos & Morris 1999; Matt et al. 2000) .
CONCLUSIONS
We have performed imaging polarimetry using HST/NICMOS to observe optically thin PPNs, with the aim to reveal their density structure by the polarized intensity, I p . In the optically thin regime, the (I p , P) data set can effectively probe the presence of scattering bodies distributed in the vicinity of the bright central illumination source. This is a great advantage of imaging polarimetry over conventional imaging, in which the central star (and its PSF structure) will always dominate in these objects and the detection of faint nebulosities will not be trivial.
We have found that (1) IRAS 07134 is an equatorially enhanced, prolate hollow spheroidal shell that is nearly edgeon. The presence of the inner cavity has been observationally confirmed and the peak imbalance seen in the present study and past study of mid-IR dust emission has been determined to be due to density effects, (2) IRAS 06530 is a prolate spheroid with a possible cavity, but its equatorial enhancement is more bipolar-like, filling the cavity with some matter, (3) IRAS 04296 is a combination of two spheroids intersecting with each other with one of the extensions being inclined towards us, (4) IRAS 02229 resembles IRAS 06530, but has greater equatorial enhancement and the inclination angle closer to pole-on compared with other objects, and (5) IRAS 16594 has very bipolar-like morphological characteristics indicating relatively high optical depth of the shell, whose multi-polar structure is due to a pair of outflows channeled out from a rotating/precessing torus. These observations have also indicated that there are multiple channels of evolution for multi-polar shells: while IRAS 04296 seems to be a coexisting quadrupolar nebula, multiple poles of IRAS 16594 likely result from a rotating/precessing torus.
Our observations have strongly suggested that PPNs do possess an inner cavity which physically separates the shell from the central star and represents dynamical time for the shell expansion since the end of the AGB phase.. The inner PPN shell seems to be density bounded and its structure is likely shaped by superwind. In the case of IRAS 07134, we have been able to observationally confirm that the inner PPN structure is a hollow spheroid with some equatorial enhancement. We have also confirmed that SOLE-toroidal PPNs have optically thin shells and that the varying degree of equatorial density enhancement (i.e., the optical depth) determines the detailed shell morphology even among this specific group of optically thin PPNs.
